Most imprinted genes are concerned with embryonic development, especially placental development. Here, we identified a placenta-specific imprinted gene Qpct. Our results show that Qpct is widely expressed during early embryonic development and can be detected in the telecephalon, midbrain, and rhombencephalon at E9.5-E11.5. Moreover, Qpct is strikingly expressed in the brain, lung and liver in E15.5. Expression signals for Qpct achieved a peak at E15.5 during placental development and were only detected in the labyrinth layer in E15.5 placenta. ChIP assay results suggest that the modification of histone H3K4me3 can result in maternal activating of Qpct.
INTRODUCTION

1
It is well-known that the generation of mammals requires homologous genes from both parents. However, a large number of genes, termed imprinted genes, exhibit parent-oforigin-specific expression patterns. Until recently, about 150 imprinted genes have been characterized in the murine genome. Most of the imprinted genes are well-conserved in mammals (Plasschaert and Bartolomei, 2014) . The majority of identified imprinted genes in the mouse influenced embryonic development stages (Lim and Ferguson-Smith, 2010; Schulz et al., 2010) . For instance, the imprinting control region of Meg1/Grb10 can regulate the pre-and postnatal embryonic weight of the mouse (Shiura et al., 2009) . Some related imprinted genes are concerned with the regulation of placental growth. For example, Igf2 contributes to placental growth, while Igf2r inhibits placental growth (Coan et al., 2005; Nafee et al., 2008; Wang et al., 2013) . Grb10 expressed in the placenta limit placental size and efficiency (Charalambous et al., 2010) .
Qpct encodes glutaminyl-peptide cyclotransferase. In the mouse, Qpct is located on chromosome 17 (chr17:79451246-School of Life Science and Technology, State Key Laboratory of Urban Water Resource and Environment, Harbin Institute of Technology, 150001, Heilongjiang, China *Correspondence: kigo@hit.edu.cn 79489583) and encodes glutaminyl cyclase, which is a Zn ++ -dependent acyltransferase with a mixed α-helix and β-sheet structure. It has been isolated from animals, plants, and bacteria (Busby et al., 1987; Messer and Ottesen, 1964) . The cyclase converts N-terminal glutaminyl residues into pyroglutamate, and plays a role in stabilizing these proteins (Fischer and Spiess, 1987; Hartlage-Rubsamen et al., 2009; Schilling et al., 2008) . QC is the alias of Qpct and its mRNA expressed level is the highest in the brain. And the formation of QC is conductive to obtain a greater understanding learning, and memory (Atwood et al., 2005; Iourov et al., 2014) , which is vital for treating Alzheimer's disease. In addition, QC is co-localized with Golgi apparatus, endoplasmic reticulum, and secretory granules (Hartlage-Rubsamen et al., 2009) . Furthermore, in the latest studies, it has been found that Qpct has a close relationship with some cancers, such as melanoma (Gillis, 2006) , papillary thyroid carcinoma (da Silveira Mitteldorf et al., 2011; Jarzab et al., 2005) , and renal cell carcinoma (Morris et al., 2011) .
DNA methylation, histone modification, and RNA-associated silencing can lead to genomic imprinting (Egger et al., 2004) . It has been reported that Lys4 methylation of histones is connected with transcriptional activity (Carr et al., 2007) .As a repressive mark, H3K9me3 was associated with methylated maternal and paternal alleles of the H19/Igf2 imprinting control region (Singh and Szabo, 2012) . Besides H3K9me3, the methylation of histone H3K27 correlated with the allelespecific expression of the major-type Grb10 transcript (Yamasaki-Ishizaki et al., 2007) . Many studies have confirmed that this abnormal imprinting was closely related to disorders in growth and placental function (Trasler, 2006) . Therefore, a study of regulatory mechanism of imprinted genes' in the placenta becomes important. Qpct has been predicted as a potential imprinted gene with DNA sequence features (Brideau et al., 2010) .
In this study, we redefined Qpct to be a placenta-specific maternally expressed gene. Meanwhile, we explored the expression of Qpct in the mouse embryo and placenta using in situ hybridization (ISH), real-time quantitative PCR (qRT-PCR) and immunohistochemistry. We further investigated the imprinting regulatory mechanism of Qpct by methylation analysis and chromatin immunopreciptation (ChIP) assays, and found that the modification of histone H3K4me3 can result in maternal activating of Qpct. Furthermore, Qpct could provide a target in the treatment of disease related to the development of the placenta and embryo.
MATERIALS AND METHODS
Animals and preparation of embryos
Male and female mice (C57BL/6J) were obtained from Beijing Laboratory Animal Research Center (China). The presence of a vaginal plug the next morning was defined as 0.5 day postconception. The day of conception was designated as embryonic day (E). The embryos were obtained and used for qRT-PCR and ISH analyses. All the experiments were approved and carried out according to the "Rules for Experimental Animals" published by the Chinese Government.
Imprinting analysis DNA was extracted from BDF1 (C57BL/6♀ × DBA/2♂) mice using proteinase K (Roche, Germany) digestion, followed by phenol-chloroform and ethanol. The total RNA of brain, tongue, heart, lung, liver, and placenta and chorionic plate from BDF1 (C57BL/6♀ × DBA/2♂) and DBF1 (DBA/2♀ × C57BL/6♂) embryos at day E15.5 was isolated using TRIzol (Invitrogen, USA).
RNA was treated with DNaseI (USA), and oligo-dT-primed reverse transcription (RT) reactions were carried out using 2 μg total RNA and a Superscript™ III RNase H-Reverse Transcriptase kit (Invitrogen). The specific primers (sense, 5′-ACC ATT GAC AATCTCAAC-3′ and antisense, 5′-CAC TAT ACC ATA CAG CAT C-3′) were designed to amplify a small region containing the SNP. The PCR conditions were as follows: amplification at 95°C, for 30 s, 50°C, for 30 s, and 72°C, for 32 s for 30 cycles. The PCR reaction products were purified using the Axygen PCR Purification kit (Axygen) and sequenced.
In-situ hybridization
To prepare Qpct RNA probes, a mouse cDNA fragment was subcloned into pBluescript® II KS (+) phagemids (Stratagene, USA) T-vector using a DNA Ligation Kit (TaKaRa, China) according to the manufacturer's protocol, using the same primers as in the imprinting analysis. A digoxigenin (DIG)-UTP labeled RNA probe was generated using a DIG RNA labeling kit (Roche Molecular Biochemicals, Germany). For whole-mount in-situ hybridization (WISH) analysis, embryos at E9.5, E10.5, and E11.5 were fixed with 4% paraformaldehyde in phosphate buffered saline and incubated at 4°C overnight. For ISH, fixed embryos and placentas (E15.5) were dehydrated and subsequently embedded in paraffin. Sections (8 μm) of the embryos were placed on slides, and WISH and ISH were performed according to protocols described previously (Moorman et al., 2001; Wilkinson and Nieto, 1993) .
Real-time quantitative RT-PCR (qRT-PCR)
Total RNA was isolated from embryonic organs and placentas according to standard protocols using TRIzol reagent (Invitrogen). The cDNAs were synthesized using a Superscript™ III RNase H-Reverse Transcriptase kit (Invitrogen). The cDNAs were subsequently used for quantitative analysis of gene expression by qRT-PCR with a Perfect Real-Time SYBR ® Premix
Ex TaqTM Kit (TaKaRa) using a ABI PRISM 7500 Real-Time PCR System. The sequences for the Qpct-specific primer were: 
Immnocytochemistry
To detect Qpct experssion in mouse placenta at the protein level, the E12.5, E13.5, E15.5 and E18.5 placental paraffin sections were dehydrated with graded ethanol and xylene and washed with 1× PBS. Then antigen retrieval was conducted by using 10 mM sodium citrate buffer (pH6.0) for 10min. The sections were blocked with 5% BSA in PBS for 1 h. Anti-Qpct antibody (cat. HPA008406, Sigma, USA) was diluted 1:500 in blocking buffer and incubated at 4°C overnight. Next that, the sections were incubated with Alexa Flour488(Invitrogen) labeled anti-rabbit secondary antibody (1:1000 dilution) at 37°C for 1 h, washed with PBS and counterstained with DAPI for 10min at RT. The signals were imaged with using a fluorescence microscope (Olympus IX71; Olympus, Japan).
DNA methylation and chromatin immunoprecipitations (ChIP) assay
For methylation analysis of oocytes , sperm, and placentas, 160 oocytes were directly subjected to proteinase K digestion and bisulfite treated, DNA of sperm was isolated from paternal mature sperms and (C57BL/6 × DBA and DBA × C57BL/6), and placental DNA was isolated from E15.5 F1-generation placenta. Then the DNA (sperm, placenta and chorionic plate) and treated oocyte samples were analyzed using an EZ DNA methylation-Gold kit (Zymo Research, USA), according to the manufacturer's instructions. Chromatin immunoprecipitation assays were performed using a ChIP assay kit (Upstate Biotechnology, USA) following the manufacturer's instructions. The bisulfite-treated DNA was amplified by nested PCR using 2× GoldStar Best MasterMix (Cowin Biotech, China). The PCR products were sequenced using an ABI PRISM 3500 Genetic Analyzer (Applied Biosystems, USA). Nested PCR primer sequences were: forword, 5′-TAG GTT TTT GGG AGA GGA TTG T-3′; reverse-out, 5′-ATA ATT AAT TTA GGG GTG GAG AAG G-3′; reverse-in, 5′-AAT TCC CAA CTA TCA AAA ACA AAA C-3′. The antibody were used as following, anti-H3K4me3 and H3K4me1 (Cell Signaling Technology, USA), anti-H3K9me3 antibody (ab8898, Abcam, United Kingdom), normal rabbit IgG (Santa Cruz Biotechnology, USA).
RESULTS
Qpct is specifically expressed from the maternal allele in the placenta
The mouse Qpct gene has seven exons in the mouse genome, and its full-length DNA and mRNA span 38 kb and 1.9 kb, respectively. We retrieved a CpG island of 197 bp in length, overlapping the exon 1 and the intron 1 of Qpct from the UCSC Genome Browser (Fig. 1A) . A DNA polymorphism (T/C) at exon 7 was detected between C57BL/6 and DBA. The polymorphic site was used to distinguish monoallelic and biallelic expression. The results showed that Qpct was exclusively maternal allelespecifically expressed in the placenta and chorionic plate at E15.5 (Fig. 1B) .
Expression of Qpct by qRT-PCR and in-situ hybridization
To determine the relative expression of Qpct at different embryonic stages in mice, qRT-PCR was carried out from E8.5 to E15.5. During mid-gestation mouse embryogenesis (E8.5-E10.5), Qpct exhibited a low expression pattern. However, its expression increased gradually after E11.5 and was highest at E15.5 ( Fig. 2A) . To further determine the spatiotemporal expression patterns of Qpct, WISH was performed during E9.5-E11.5 (Fig. 2B) . At E9.5, strong signals were detected in the telencephalon, midbrain, and rhombencephalon (Fig. 2B, a) . At E10.5, in addition to strong Qpct expression in the brain, intermediate expression signals were observed in the optic vesicle and lateral plate mesoderm (Fig. 2B, b) . At E11.5, a higher expression of Qpct was found in the forebrain, midbrain, rhombencephalon, and neural tube (Fig. 2B, c-e) . Furthermore, Qpct expression among various tissues at E15.5 was investigated by in-situ hybridization. Higher expressions of Qpct were found in the brain, lungs and liver while relative lower expression were found in the tongue and kidney (Fig. 2D ). Similar expression patterns were further confirmed by qRT-PCR (Fig. 2C) . 
Expression patterns of Qpct in placental development
Owing to the imprinting of Qpct in the placenta, we further examined the placental expression of Qpct. Expression of Qpct was higher at E12.5 and achieved a peak at E15.5, decreasing until E18.5 (Fig. 3A) . The immunocytochemistry were carried out to detect the expression of Qpct. The results showed that the main localization signals were clearly observed in the decidual layer and labyrinth in E12.5 and E13.5 placentae. However, the strong expression of Qpct was found in E15.5 placenta's labyrinth (Fig. 3B) .
DNA methylation and histone modification analysis of Qpct
Early studies have affirmed that epigenetic reprogramming in germ cells is of critical importance for imprinting. Therefore, we analyzed the methylation status of an existing CpG island spanning 197 bp with 16 CpG sites overlapping the exon 1 and the intron 1 of Qpct. The bisulfate sequencing was carried out in sperm, oocytes and placentas at E15.5. The results showed that the CpG sites were completely unmethylated in these tissues (Fig. 4A) . Thus, we were interested whether the expression of Qpct is regulated by histone modification. The results suggested that histones H3K4me3, H3K4me1 and H3K9me3 were indeed enriched at E15.5 placentae (IBF1, BIF1). In the meantime, E15.5 liver was used as negative control (Fig. 4B) . We found that only H3K4me3 was preferentially enriched on unmethylated or normally active alleles. As a marked signature, H3K4me3 was related to the expression of some imprinted genes. An SNP (G/T) at exon 1 of Qpct between C57BL/6 and ICR mice was used to distinguish maternal or paternal allelic expression. ChIP primers were designed to span the SNP (G/T) that allowed us to recognize which allele was enriched by more H3K4me3, H3K4me1 and H3K9me3 signals. The enriched DNA fragments amplified by the designed ChIP primer were collected and sequenced. The ChIP results showed that there was a higher proportion of co-enrichment of active (H3K4me3) at imprinted loci in the maternal chromosome with reciprocal crosses between ICR and C57BL/6 (Fig. 4C) . These results illustrated that H3K4me3 histone modification can regulate the expression of Qpct.
DISCUSSION
Studies have reported that imprinted genes are closely linked with fetal growth, pluripotency and carcinogenesis. The majority of imprinted genes are expressed in the early developmental stages (Wang et al., 2011) .Therefore the exploration of imprinted gene regulation has become a crucial research area. Gene regulation has been widely-used to predict potential imprinted genes with DNA sequence features in recent research (Brideau et al., 2010) . However, Hiroaki Okae et al. (2012) regarded Qpct as not a maternally expressed imprinted gene. They speculate that Qpct is mistaken for an imprinted gene because of its high expressing in the decidual layer. These data were obtained from a novel approach that uses embryo transfer technology to remove maternal contamination. The imprinted status of Qpct was identified using this method. However, it is worth noting that embryo transfer experiments and invitro fertilization might change the status of imprinting. It was previously demonstrated that the H19 imprinted gene was found to be biallelically expressed because of embryos culture by in-vitro fertilization (Doherty et al., 2000) . In addition, many other genes display the same phenomenon, such as Snrpn (Mann et al., 2004) , Xist (McDonald et al., 1998) , and its antisense transcript Tsix (Prissette et al., 2001 ). To avoid contaminating maternal cells, we performed imprinted analysis of Qpct with E15.5 mouse placenta which seldom expressed in decidual layer. Then the experiments were conducted separately in the placentae from which the decidua was removed completely and in the chorionic plates of placentae. The results showed that Qpct was a maternally allele-specific expression gene in E15.5 mouse placenta and chorionic plate. In addition, the WISH results showed that Qpct might play an important role during mid-gestation mouse embryogenesis. Moreover, Qpct was extensively expressed in the telencephalon, pituitary, neural tube, and lateral plate mesoderm, which may be closely linked to the neuroendocrine system. Immunocytochemistry results indicated that Qpct is mainly expressed in the labyrinth and decidual layers of the placenta. It is well that both layers contain plenty of fetal blood vessels and blood sinusoids. As a result, it can not be ignored that Qpct might make a great difference in nutrient substance transport in placenta.
So far, DNA methylation and histone modification have been identified as two main epigenetic modifications that regulate imprinted genes (Novakovic and Saffery, 2012; Reik and Dean, 2001) . Furthermore, the imprint status of imprinted genes changed along with the variation of methylation modification (Santos et al., 2002) . Therefore we assayed the CpG island near the Qpct promoter region and showed that Qpct was not regulated by DNA methylation. However, the placenta is a diversifying tissue and contains many differentiated cell types. Each layer of cells may show a different methylation status. For example, owing to different cell types, the DNA methylation of cytotrophoblasts and fibroblasts is different in the human placenta (Grigoriu et al., 2011) . Therefore, it is also possible that the imprinted mechanism of Qpct is related to DNA methylation modification in placenta.Moreover, some other kinds of DNA fragments might regulate the imprinting of Qpct. In future, Qpct methylation analysis can be employed in other genomic regions.
In addition to DNA methylation, modifications of histone proteins are also important regulators in imprinted genes. Specific histone modifications are needed to direct imprinted maintenance (Li, 2002) . According to a related research report, the methylation of Lys4 (H3K4) is associated with active transcriptional activity (Grewal and Elgin, 2002) , while H3K9me3 and H3K27me3 are linked to inhibited transcriptional activity (Hagarman et al., 2013) . In our study, to determine whether the paternal silencing and maternal expression of Qpct were due to the methylation of particular residues on histone H3, ChIP assays were performed using H3K4me3, H3K9me3, and H3K4me1 antibodys. There was greater enrichment of histone H3K4me3 on the maternal chromosome, relative to the paternal one of Qpct. Biparental chromosomes had the same enrichment of histone modification using H3K9me3 and H3K4me1 antibody. Therefore, it is suggested that the enrichment of H3K4me3 leads to specific maternal expression of Qpct.
